Rapidly proliferating solid tumor cells are often dependent on glycolysis for ATP production even in normoxia (the Warburg effect), however it is not yet clear whether acute leukemias have a similarly increased dependence on aerobic glycolysis. We report that all leukemia subtypes (pre-B ALL, T-ALL and AML) demonstrated growth arrest and cell death when treated the novel glycolysis inhibitor 3-BrOP. Potentiated ATP depletion and pro-apoptotic effects were seen for 3-BrOP combinations with the cytochrome-C-reductase inhibitor antimycin A and the mTOR inhibitor rapamycin. These results reveal a potential role for glycolysis inhibition in acute leukemia subtypes and suggest potential combinations.
Introduction
Acute leukemias occur in both adult and pediatric patients. In children, leukemias are the most common form of cancer and are the most frequent cause of disease-related death (1) . Acute lymphoblastic leukemia (ALL) is the most common form of leukemia in children, and precursor B cell phenotype accounts for approximately 80% of cases, with T cell phenotype in 20%. Although pediatric ALL protocols have excellent outcomes, those children who relapse and adults with ALL still have <40% long-term survival (1) (2) (3) . In adults, acute myeloblastic leukemia is more common, and both children and adults have <50% survival, despite intense therapy (4, 5) . These acute leukemias represent a significant challenge where intense therapies, including transplant, lead to significant morbidity and mortality with inadequate outcomes. As we explore new therapeutic opportunities, we observe that the common striking feature of all acute leukemias is their potential for rapid proliferation and high metabolic demand.
ATP generation is an essential metabolic process through which cells obtain their energy supply. Mammalian cells have two methods to generate ATP, through glycolysis in the cytoplasm and oxidative phosphorylation (or respiration) in the mitochondria. The glycolysis pathway is relatively inefficient, requiring one glucose molecule for the net production of two ATP molecules. In contrast, oxidative phosphorylation is more efficient, where one glucose molecule will yield thirty-six ATP molecules. Typically mammalian cells rely primarily on oxidative phosphorylation for energy production in aerobic conditions (6, 7) . Otto Warburg first described how cancer cells demonstrate increased utilization of glycolysis for ATP production even in aerobic conditions, now known as the Warburg effect (8) . In addition to increased glycolytic rates, cancer cells appear to have reduced capacity for oxidative phosphorylation via multiple mechanisms, including down regulation of enzymes involved in oxidative phosphorylation via mitochondrial/nuclear mutations, and dysregulation of metabolic pathways through oncogenic transformation, e.g. BCR-ABL (9, 10) . Although there are many examples of solid tumors having altered metabolism with high rates of glucose uptake and glycolysis, it was only recently reported that this occurs in leukemia cells, specifically precursor-B ALL and AML (11, 12) . Additional studies have revealed the importance of glycolysis in steroid sensitivity in T-ALL (13), death receptorinduced apoptosis in a T-ALL and an AML line (14) , as well as a balance between sensitivity to glycolysis inhibitors and oxidative phosphorylation inhibitors in AML cell lines (15) . These studies support the hypothesis that leukemia subtypes (B-ALL, T-ALL and AML) may all demonstrate a dependence on glycolysis in aerobic conditions, providing a potential therapeutic opportunity for the use of glycolysis inhibitors in acute leukemias.
Early glycolysis inhibitors, such as 2-deoxyglucose (2-DG), were effective at inhibiting glycolysis, but only at very high millimolar concentrations and has been shown to induce the expression of P-glycoprotein encoded by the MDR1 gene, possibly increasing a cancer cells ability to develop chemoresistance (16) . 2-DG has demonstrated that glycolysis inhibition is a valid therapeutic approach, however the clinical feasibility has been limited with this reagent (9, 16, 17) . The next generation of glycolysis inhibitors is represented by 3-bromopyruvate (3-BrPA). 3-BrPA inhibits the enzyme hexokinase II, which is the ratelimiting step of the glycolytic pathway (7) . This compound has greater potency but still requires dosing in the high micromolar range and has limited solubility and biodistribution (7, 9) . The novel, third-generation glycolysis inhibitor, 3-bromo-2-oxopropionate-1-propyl ester (3-BrOP) has recently been reported. 3-BrOP is a cell permeable ester of 3-bromopyruvate (3-BrPA). Once inside the cell, 3-BrOP is hydrolyzed by cellular esterase to release 3-BrPA. The esterification of 3-BrPA into 3-BrOP has yielded a highly stable and soluble compound that can be readily be used for evaluation of tumor response in vitro and in vivo. Importantly, 3-BrOP may be up to 1000-fold more potent than 2-deoxyglucose, now allowing feasible inhibition of glycolysis at 20mcM rather than 20mM. Previous reports have shown that 3-BrOP as well as its precursor, 3-BrPA can induce cell death in a variety of cancers including human lymphoma, hepatocellular carcinoma, colorectal carcinoma, and the human acute myeloid leukemia cell line HL60 (7, 18, 19) . Inhibition of glycolysis with these agents has been highly effective and selective in vivo. For example, in a rabbit model of hepatocellular carcinoma, 3-BrPA induced 90% tumor necrosis with minimal effect on the normal liver tissue (18) .
Although cancer cells have increased dependence on glycolysis, many are still able to use mitochondrial oxidative phosphorylation for ATP production which may lead to resistance to a glycolysis inhibitor. Antimycin A is an inhibitor of electron transfer in the mitochondria at complex III, and a potent inhibitor of cytochrome-C-reductase (20, 21) . As a single agent, antimycin A has been shown to induce apoptosis at a range of 20 nM to 2 mcM (22) and is associated with growth arrest and increased glycolytic rate (23) . We therefore proposed that combining sub-therapeutic doses of antimycin A with 3-BrOP may effectively kill cancer cells through severe ATP depletion while sparing normal cells.
Mammalian target of rapamycin (mTOR) is a sensor of amino acid and ATP homeostasis, and is critical for the cellular response to metabolic stress (24) . Inhibition of glycolysis and subsequent ATP depletion will likely lead to compensatory survival signals through the mTOR pathway. Therefore, inhibition of both glycolysis and mTOR together may cooperate to induce severe metabolic dysregulation and cell death. Rapamycin inhibits the function of the mTOR pathway inducing alterations in cellular metabolism and survival signaling (25, 26) and is effective both in vivo and in vitro in precursor-B ALL (25, 27) . It has also been shown that 3-BrOP and rapamycin can cooperate in other tumor models (7) . Therefore, we propose that inhibition of the mTOR pathway under conditions of ATP depletion by 3-BrOP may prevent compensatory metabolic mechanisms and enhance apoptosis in acute leukemias.
In this report we evaluated the effects of the novel third generation glycolysis inhibitor 3-BrOP on a panel of human acute leukemias, representing precursor-B, T and myeloid subtypes. Furthermore we assessed the effects of combined inhibition of glycolysis and oxidative respiration or the mTOR pathway.
Materials and Methods

Cell Culture
Sixteen human acute leukemia cell lines were maintained in RPMI 1640 containing 10% fetal bovine serum and penicillin/streptomycin. The cell lines included precursor B acute lymphoblastic leukemia (Nalm6, Nalm16, JM1, REH and 697), T cell acute lymphoblastic leukemia (SupT1, Molt4, CCL119, Loucy, and Jurkat), and acute myeloblastic leukemia (HL60, NB4, ML1, U937 (histiocytic sarcoma with myeloid features CD13/15/33), THP1, KG1).
Immunoblot Analysis
Whole cell lysates (25-50 µg) were subjected to SDS-PAGE and transferred to polyvinylidene difluoride membranes (PVDF, Millipore Corporation), using standard techniques (28) . Antibodies were obtained for caspase 3 (Cell Signaling) and beta actin (Cell Signaling). Secondary antibodies conjugated to horseradish peroxidase (SantaCruz, Cell Signaling) were detected using an enhanced chemiluminescence kit (ECLplus, Amersham International) according to the manufacturer's instructions.
Cytotoxicity assays
Cytotoxicity of 3-bromopyruvic acid propyl ester (3-BrOP), rapamycin (Sigma-Aldrich), and antimycin A (Sigma-Aldrich) were assayed following 6 to 72 hours exposure (2.5×10 4 cells/mL) using AlamarBlue reagent (BioSource) according to manufacturer's instructions.
Growth Inhibition Assays
3-bromo-2-oxopropionate-1-propyl ester (3-BrOP) was kindly provided by Dr. Peng Huang (M. D. Anderson Cancer Center), dissolved in 1-propanol and stored at 4°C as a 300 mM stock solution. Rapamycin (Sigma-Aldrich) was stored as a 100mM stock in DMSO at −20°C. Antimycin A (Sigma) was stored as a 10mM stock in ethanol at −20°C. Cells were passaged during their exponential growth phase and treated with 3-BrOP, rapamycin, and antimycin A either alone or in combination for 6-96 hours. Cells were counted with a hemocytometer with trypan blue to exclude dead cells.
Cell Cycle and Apoptosis
Cells were treated with 3-BrOP, rapamycin, and antimycin A either alone or in combination for 24-96 hours. Cells were solubilized with triton X-100 and stained with 50 mcg/mL propidium iodide for 1 hour at 4°C. DNA content was measured by flow cytometry. The data presented are from at least three separate experiments.
ATP Assays
Cells were treated with 3-BrOP, antimycin A, or both for 6-72 hours at a range of concentrations. ATP concentrations were measured with the ATPlite Kit according to manufacturer's instructions (PerkinElmer).
Statistical evaluation
For all assays, unless otherwise noted, mean +/− standard deviation fro 3-5 replicates are used. P-values from comparison of two data points was accomplished using a two-tailed student's T-test in Microsoft Excel.
Results
3-BrOP induces growth arrest and caspase-mediated cell death in acute leukemia
We tested the effect of 3-BrOP on a panel of fifteen human acute leukemia cell lines including five precursor-B ALL cell lines (Nalm6, Nalm16, 697, REH, and JM1), five T-cell ALL cell lines (SupT1, Molt4, CCL-119, Loucy, and Jurkat), and five AML cell lines (NB4, ML1, U937, THP1, and KG1). The HL60 AML cell line had been previously shown to be susceptible to 3-BrOP with an IC50 of approximately 20 mcM (7).
Viability as measured with the AlamarBlue viability assay was markedly diminished in all fifteen lines following 3-BrOP treatment. The inhibitory concentration which induces 50% loss of viability (IC50) at 72 hours of exposure ranged from 10 mcM in the most sensitive pre-B ALL cell lines to 40 mcM in several of the T-ALL and AML cell lines ( Figure 1A-C) . Importantly, at concentrations above 40 mcM all fifteen human leukemia cell lines from all three subtypes were sensitive to 3-BrOP with >80-100% loss of viability within 72 hours. In addition, two fresh patient samples were also sensitive to 3-BrOP, with an ALL sample IC50 of 15mcM at 48 hours and an AML sample IC50 of 30mcM at 72 hours ( Figure 1D ). Unfortunately longer ex vivo culture of these primary cells was not possible. These concentrations are consistent with effective doses in other tumor models, where 3-BrOP is effective in vivo (P Huang, personal communication).
The cells demonstrated significantly decreased survival as early as 24 hours after treatment as measured by cell counts with Trypan blue exclusion (Figure 2A) . At 24 hours, there was a rapid reduction in cell numbers in both Nalm6 (pre-B ALL) and Molt4 (T-ALL) lines (60-65%, p<0.001). By 48 hours of treatment, the majority of cells had died (83-97%, p<0.001) (Figure 2A) . The remaining cells were dead with >80% of Nalm6 (pre-B ALL) and 72% of U937 (AML) cells having sub-G 0 DNA content (p<0.001) ( Figure 2B ). Cell death was also measured by AnnexinV binding. AnnexinV binding increased in a dose-dependent manner in both B-ALL and T-ALL lines ( Figure 2C ), which correlates to loss of cell numbers (Figure 2A ).
ATP is depleted by the combination of 3-BrOP and antimycin-A
As 3-BrOP inhibits glycolysis, we expect that cellular ATP levels will be decreased in treated cells. However in aerobic conditions leukemia cells may have adequate oxidative respiration to maintain intracellular ATP, tempering 3-BrOP effects. Therefore we assessed the effects of combining 3-BrOP with an inhibitor of oxidative respiration, antimycin A, in ALL cells. Effects on intracellular ATP concentrations and survival were evaluated at multiple time points following treatment with either 3-BrOP, antimycin A, or the combination ( Figure 3A-C) .
As expected, exposure to 3-BrOP reduced intracellular ATP concentrations in a dose and time dependent manner ( Figure 3A) . In Nalm6 cells (pre-B ALL), by 48 hours of exposure, the ATP levels were 50% of control at a dose of 15 mcM, the IC50 for this cell line. At a dose of 22.5 mcM, the ATP level was 13% of control, and by 30 mcM there was no detectable ATP ( Figure 3A) . Importantly, at higher doses (>30mcM) ATP levels were reduced significantly within 24 hours, however with lower doses (<15mcM) ATP levels did not decrease until 48-72 hours ( Figure 3A) . This effect on ATP levels correlates with dose and time dependent viability shown in Figures 1+2.
In contrast, when these cells were treated with antimycin A, a significant decrease in ATP concentration was seen as early as 6 hours ( Figure 3B ). The ATP level was approximately 40% of control, at a range of 25 nM to 2.5 mcM. By 48 hours, ATP concentrations had decreased to approximately 12% for the higher doses, and 19% for the lowest dose of 25 nM. The effects on ATP levels were not significantly dose dependent, suggesting that lower doses, below 25nM, may still be effective. Despite its rapid depletion of intracellular ATP levels, even at higher doses (20mcM) of antimycin A, there was never a complete loss of ATP, suggesting perhaps that ATP production through glycolysis maintained an moderate ATP level.
When 3-BrOP and antimycin A were combined, there was a dramatic decrease in ATP levels ( Figure 3C ). At 48 hours of treatment, ATP was completely depleted at 3-BrOP doses of 30 mcM and 22.5 mcM, with any concentration of antimycin A. At 15 mcM, the ATP level of 2% of control with all doses of antimycin A, and at 7.5 mcM, the ATP level was only 3.5% of control with the addition of any antimycin A. Importantly at 12 hours of treatment, ATP levels were <6% for all doses of 3-BrOP when combined with any dose of antimycin A. These results demonstrate significant decrease in ATP levels with the combination of 3-BrOP and antimycin A (p<0.001).
The combination of 3-BrOP and antimycin A lead to enhanced cell death
To evaluate whether the profound decrease in ATP levels seen with 3-BrOP and antimycin A would potentiate 3-BrOP effects in leukemia cells, we tested this combination in pre-B ALL (Nalm6 and JM1) and T-ALL cell lines (Molt4 and SupT1). Treatment with antimycin A alone with a dose range from 20 nM to 20 mcM did not achieve an IC50 ( Figure 4A) , with 48-hour viability between 55 and 80%. When relative cell counts were measured by flow cytometry, the treated cell number ranged from 40 to 60% of controls ( Figure 4B ). Furthermore, there was minimal increase in apoptosis when sub-G 0 percentages were assessed with flow cytometry using propidium iodide staining. The sub-G 0 population increased from a background of 2-4% in the untreated cells to 4-9% in the antimycin A treated cells after 48 hours of exposure ( Figure 4C , 3-BrOP at 0).
In the combination assay with antimycin A and 3-BrOP, there was a significant increase in the percentage of sub-G 0 cells when measured by propidium iodide staining and flow cytometry. For example, in Nalm6 (pre-B ALL) cells treated for 72 hours, the percent of sub-G 0 cells was 10% with 15 mcM 3-BrOP alone, 6.5% with antimycin A alone (at any dose), but increased dramatically to 60% with the combination (p<0.001, Figure 4C ). Highly potentiated effects were seen using a wide range of dose combinations. At low doses of 3-BrOP with 2.5 mcM and 5 mcM in Nalm6 cells, the addition of antimycin A from a dose of 150 nM to 2.5 mcM yielded a combination index of 0.1 to 0.4. At effective doses of 3-BrOP with 10 mcM the CI values ranged from 0.008 to 0.138, and at 15 mcM, the CI values were all less than 0.001 ( Figure 4D ). Similar effects were seen in the other pre-B ALL (JM1) and T-ALL lines (SupT1 and Molt4) tested. The T-ALL cells had increased apoptosis when treated with antimycin A alone, with 40-50% of the cells in sub-G 0 compared with a background of 8-14% in untreated cells. When treated with 3-BrOP alone, at a dose of 15 mcM, the percentage of cells in sub-G0 was 25-29%. When combined with antimycin A however, sub-G 0 percentages increased to 80-90% for SupT1 and 78-85% for Molt4. In these cases the combination indices ranged from 0.02 to 0.21.
These data demonstrate that acute leukemia cells appear to be dependent on glycolysis for survival, as blockade of oxidative respiration has only modest effects on viability. However, the combined inhibition of glycolysis and oxidative phosphorylation lead to significant cell death. It is not yet clear whether this will lead to excessive toxicity in nonmalignant cells.
3-BrOP is potentiated by Rapamycin
An alternative approach to potentiate 3-BrOP effects is inhibition of the mammalian target of rapamycin (mTOR) pathway. The mTOR pathway senses metabolic stress, such as lowered glucose metabolite levels and ATP concentrations, and compensates for these stresses, allowing cells to be resistant to glycolysis inhibition. Therefore we decided to evaluate the combination of 3-BrOP with rapamycin and hypothesized that ATP depletion caused by 3-BrOP combined with inhibition of the mTOR pathway and altered cellular metabolism may increase cell death.
Rapamycin has previously been shown to be effective against human ALL in vitro and in vivo (27) . In our hands, rapamycin alone was effective, inducing 50-80% loss of viability at higher doses ( Figure 5A ). However, when combined with sub-therapeutic doses of 3-BrOP, we observed significant potentiation in both AlamarBlue viability and cell cycle assays. This potentiation was observed at multiple doses of 3-BrOP (2.5 to 40 mcM) and rapamycin (6.25 to 50 nM). For example, Nalm6 treated with 15 mcM of 3-BrOP and 25 nM of rapamycin had a statistically significant decrease in viability compared to either agent alone (p<0.03) ( Figure 5B ). Similar effects were seen in T-ALL p<0.01 ( Figure 5C ). These results demonstrate potentiation between glycolysis inhibition via 3-BrOP and mTOR inhibition by rapamycin.
Discussion
We were surprised to see that in conditions of normoxia all fifteen cell lines and patient samples were sensitive to modest doses of 3-BrOP. This suggests that there is more dependence on glycolysis in the subtypes of acute leukemia than had previously been realized. As acute leukemias often have high proliferation rates, an increased dependence on ATP production and glycolysis is not unexpected. However, the apparent lack of ability to compensate for complete inhibition of glycolysis suggests that there may be additional mechanisms involved, as has been observed in several solid tumors (3). For example, expression of hypoxia inducible factors (HIF) have been shown to enhance expression of glycolytic genes, while inhibiting proteins in the oxidative phosphorylation. In renal cell carcinoma the loss of von Hippel Lindau (VHL) gene expression leads to inappropriate HIF stabilization and resulting enhanced glycolysis with decreased oxidative phosphorylation in normoxia (29) . Of note, the enhanced dependence on glycolysis in ALL cells previously reported revealed patterns of metabolic dysregulation similar to those seen with HIF expression, including high glucose transporter GLUT1 expression (11) .
Given these data, glycolysis inhibition provides a promising new approach for acute leukemia treatment, but malignant cells have an intrinsic ability to adapt and it is unlikely that blocking glycolysis alone would be adequate therapy (30) . For example, even though a majority of ATP production may occur through glycolysis, leukemia cells may still utilize residual oxidative phosphorylation to maintain minimal ATP levels or use stress-induced pathways to compensate for ATP depletion (8, 9, 31) .
Our data demonstrated that although the oxidative phosphorylation inhibitor antimycin A was potent at reducing ATP levels and inhibiting proliferation, even large doses were unable to induce cell death. In contrast, glycolysis inhibition with 3-BrOP induced slower depletion of ATP, but at higher doses and/or longer incubations, 3-BrOP alone was able to induce dramatic cell death and pro-caspase-3 cleavage. These results suggest that glycolysis can compensate for inhibition of oxidative phosphorylation, but complete inhibition of glycolysis cannot be compensated by oxidative respiration in acute leukemias. This suggests a compensatory defect in these leukemia subtypes. Importantly, the combination of 3-BrOP and antimycin A led to nearly complete depletion of ATP and enhanced cell death. Although glycolysis inhibitors and antimycin A derivatives have been used clinically, the potential toxicities of this combination may complicate clinical use of this combination.
As a potentially less toxic approach to target cancer cells, simultaneous inhibition of glycolysis and the mTOR pathway provides a rational therapeutic option. When ATP is depleted by glycolysis inhibition, blocking the mTOR pathway may further limit nutrient uptake, cell proliferation, and cell survival. The combination of 3-BrOP in both precursor-B ALL and T-ALL cell lines did demonstrate enhanced cell death, both by cytotoxicity assays and cell cycle analysis.
The sensitivity of these leukemia cells to the combinations of 3-BrOP and antimycin A or rapamycin suggests that multiple therapeutic combinations which alter the consequences and adaptation to cellular stress may also be effective. Indeed, glycolysis inhibition can cooperate with multiple anti-neoplastic agents (32, 33) . In addition, the depletion of ATP during chemotherapeutic regimens may inhibit resistance mechanisms such as efflux pumps (MRP/MDR) and/or DNA repair mechanisms (34) .
In summary, we report the broad and potent activity of a novel glycolysis inhibitor, 3-BrOP, in precursor-B, T and myeloid subtypes of acute leukemia. The effects of 3-BrOP were potentiated when used in combination with either the oxidative phosphorylation inhibitor antimycin A or the mTOR inhibitor rapamycin. Additional studies to address potential mechanisms of this dependence on glycolysis, and effects on chemotherapy resistance are needed. Based on these results, we believe that further pre-clinical development of this combinatorial approach is warranted. 
